Objective: Assessing the effect of the dose of dietary triglycerides on preformed vitamin A (retinyl esters) bioavailability in humans. Design: Four test meals containing 15 000 RE retinyl-palmitate and either 0, 15, 30 or 40 g added triglycerides were ingested by eight healthy volunteers, at different days and in a randomized order. Setting: The study was done in the Hospital Sainte Marguerite, Marseille, France. Subjects: Eight healthy male volunteers were recruited by advertisement. Intervention: Blood samples were collected every hour for seven hours after the test meals intake. Serum and chylomicron (Svedberg¯otation unit b 1000) were prepared by centrifugation and retinyl esters were measured by HPLC. Results: The serum retinyl ester response was not signi®cantly lower after the intake of the meal without added triglycerides (7944 AE 3262 nmol/L h) than after the intake of the fat meals (10012 AE 2182, 7869 AE 3157 and 10777 AE 2067 nmol/L h for the 15, 30 and 40 g-fat meal, respectively), indicating that the serum retinyl ester response was not related to the amount of meal triglycerides. Chylomicron retinyl linoleate response stepwise increased when the amount of meal triglycerides increased while retinyl palmitate and retinyl stearate responses reached a maximum since 15 g triglycerides. Postprandial serum retinol concentration did not change whatever the meal ingested. Conclusions: (i) a signi®cant amount of preformed vitamin A is apparently absorbed when ingested with trace amount of meal triglycerides only; (ii) meal triglycerides, up to 40 g/meal, do not increase preformed vitamin A bioavailability; (iii) the retinyl ester pattern recovered in the chylomicrons, and probably the esteri®cation process of retinol, is affected by the amount of meal triglycerides; (iv) postprandial retinol homeostasis is not affected by dietary triglycerides.
Introduction
Vitamin A (Vit A) is a lipid-soluble micronutrient necessary to support growth, epithelial tissues differentiation and vision. In humans, the main dietary sources of Vit A are preformed retinyl esters from animals sources and provitamin A carotenoids from plant sources, although the ef®-ciency of this latter source to improve vitamin A status has been recently debated (de Pee et al, 1995) . The bioavailability of both forms of vitamin A is affected by numerous factors, such as diet composition, nutritional status, drugs, food additives (Erdman et al, 1988) and gastrointestinal diseases (Ahmed et al, 1990; Johnson et al, 1992) . It is thus particularly important to evaluate the exact role of these factors in order to establish recommended dietary allowances (RDA) adapted to each physiological situation.
Among the factors suspected to modulate the intestinal absorption of preformed Vit A (Erdman et al, 1988) , dietary triglycerides (TG) are supposed to play a major role as it is generally assumed that fat stimulates the intestinal absorption of various lipid-soluble molecules (Ullrey, 1972) and because the intestinal absorption of bcarotene, the main provitamin A carotenoid, is markedly increased by high-fat diets (Jayarajan et al, 1980) . Nevertheless, the effect of dietary fat on the absorption of preformed Vit A is not clearly documented (Blaner & Olson, 1994) . Indeed, although steatorrhea is associated with inadequate Vit A absorption (Erdman et al, 1988) , thus suggesting a role of dietary fat on Vit A absorption, contradictory data are available. In two studies (Reddy & Srikantia, 1966; Jappesen et al, 1995) increasing dietary fat intake apparently improved the absorption of preformed Vit A while in two other studies no bene®cial role of fat on Vit A intestinal absorption could be detected (Figueira et al, 1969; Lewis et al, 1947) . Thus the exact role of dietary TG on postprandial plasma Via A bioavailability needs to be re-evaluated.
The role of dietary TG on postprandial plasma Vit A metabolism has never been speci®cally investigated. Yet, TG are involved in several key steps of Vit A metabolism. Indeed, after having been absorbed by the enterocyte, retinol is esteri®ed either by lecithin-retinol acyltransferase (LRAT) or acyl CoA-retinol acyltransferase (ARAT) (Helgerud et al, 1983; Ong, 1993) , which are directly or indirectly dependent on dietary TG (Ong, 1993; Goda et al, 1994) . Moreover, dietary TG are greatly involved in the plasma transport of newly absorbed Vit A, namely retinyl esters, since they are the main component of the chylo-microns (CM). Surprisingly, although it appears that dietary TG are highly involved in the metabolism and plasma transport of preformed Vit A, their exact role is not accurately known.
This study was conducted to determine the effect of dietary TG on the intestinal absorption and postprandial metabolism of preformed Vit A in humans, and to answer the following key questions in human nutrition: As generally believed, do dietary TG increase preformed Vit A bioavailability? Does the amount of dietary TG affect retinol esteri®cation in the enterocyte? And ®nally, do dietary TG affect postprandial retinol homeostasis? With these aims we compared, in a group of eight healthy volunteers, the postprandial CM and serum responses of Vit A after the intake of four test-meals containing a ®xed dose of preformed Vit A but varying in their TG content. Such a methodology was chosen because it has recently been shown that the measurement of vitamin A metabolites in postprandial serum allows an ef®cient study of provitamin A uptake and cleavage in humans (Van Vliet et al, 1995) .
Methods

Subjects
Eight male volunteers were recruited. Informed written consent was obtained from all volunteers and the protocol was approved by the local Medical Ethics Committees of Regional University Hospital Center from Marseille (France). Subjects were healthy and had no history of liver, pancreatic, or ulcer disease. Subjects characteristics are presented in Table 1 . They did not have any sign of lipid malabsorption and they had not taken Vit A supplements or medications known to affect lipid or Vit A metabolism or absorption, for months. They were not obese and their body weights did not vary noticeably during the study period. Their fasting blood lipid concentrations were in the normal range (namely triglycerides`2.3 mmol/L and cholesterol`5.9 mmol/L). Their fasting serum retinol concentration was normal and no subject had fasting serum retinol concentrations below 0.7 mmol/L, a cut-off value which allow to suspect a risk of Vit A de®ciency (Underwood, 1994) .
The subjects were instructed not to deviate from their usual dietary and exercise habits during the study period. To estimate the composition of their background diets, subjects completed a three day diet diary during the week before experiment that was analyzed for nutrient composition with GENI software (Micro 6, Nancy, France). The energy consumption was 10 764 AE 3130 kJ/d, provided by 13.6 AE 0.7% proteins, 43.6 AE 1.8% carbohydrate and 42.8 AE 2.1% fat.
Test design
The four experimental meals were presented in random order, and interval between test meals was 5±7 d. Because previous food intake can have effects on the metabolic response to the next meal, the subjects were asked to have a low-fat dinner, depleted in Vit A, before 9.00 pm on the evening before the experimental days.
The test meals, which differed only in their TG content, consisted of commercially available food (Dubois et al, 1994) . They contained two slices french bread (60 g), 100 g pasta (cooked and hydrated with 250 mL water), 130 g tomato sauce, one nonfat yogurt (125 g), one cup of coffee (100 mL) and the tested amount of TG. The graded amounts of added TG tested were 0, 15, 30 or 40 g. They were provided as sun¯ower oil which was incorporated into the tomato sauce. The fatty acid composition of a sun¯ower oil purchased from the same company (Lesieur, Couderkerke-Branche, France) had previously been determined by gas±liquid chromatography (Armand et al, 1990) . The two main fatty acids were 18:2(n-6) (68.68% of total fatty acids) and 18:1(n-9) (17.47% of total fatty acids). The poor-fat test-meal provided traces of fat (about 2 g). The test meals provided 2461, 3025, 3589 and 4341 kJ, for the 0, 15, 30 and 40 g-TG meals, respectively. Preformed Vit A, 15000 RE (retinol equivalent), was provided as retinyl palmitate (Avibon, The Âraplix, Paris) which is the predominant retinyl ester in a normal diet. During the 7 h postprandial period, subjects were food-restricted, but were allowed to drink up to 200 mL water and a decafeinated coffee (100 mL).
After an overnight fast, an antecubital vein was catheterized with an intravenous cannulae equipped with disposable obturators (Jelco-Critikon, Chatenay-Malabry, France). A baseline fasting blood sample was collected at around 15 min before the test meal intake. Then the subjects ingested one of the four test meals within 20 min. Food items were ingested in the same succession to avoid variations in gastric emptying or metabolic responses. Blood samples (10±15 mL) were collected every hour for 7 h.
Analytical determinations
Serum was separated from whole blood by centrifugation (10 C, 10 min, 910 6 g) the day of the experiment. The Sf b1000 fraction containing CMs plus large CM-remnants (CMRs) was isolated as usually done from a 2 mL serum layered under 3 mL 0.9% NaCl by ultracentrifugation at 10 C (24 000 6 g for 1 h, 1.6 6 10 6 6 g min) in a Beckman (Palo Alto, CA) 40.3 rotor (Dubois et al, 1994; Weintraub et al, 1987) . Note that the Svedberg¯otation unit (Sf) is expressed in Svedberg (S) 6 10 713 s and that a Sf b1000 value correspond to particles of d`0.96 g/mL, namely CMs and their large CMRs. Aliquots were stored at 720 C (Craft et al, 1988) . Serum and CM TG were determined by an enzymatic procedure (Buccolo & David, 1973 ) with a commercial kit (BioMerieux, Marcy l'Etoile, France). Fasting serum cholesterol was determined by an enzymatic procedure (BioMerieux, Marcy l'Etoile, France). Fasting serum apoprotein A1 and apoprotein B were assayed by laser-nephelometry (Behring Werke A.G., Marburg, Germany). Serum and CM retinyl palmitate, retinyl stearate, retinyl linoleate, and retinol were extracted, under red light, by a mixture of ethanol-hexane 1:2 (v/v). After drying under nitrogen, the extract was dissolved in 150 mL of a mixture of methanol-dichloromethane 65:35 (v/v). Eighty mL of the mixture were injected in an HPLC 
Statistical analysis
In this randomized study each subject served as his own control. The values are the mean AE s.e.m. of eight determinations. Estimates of the interindividual variability (SDs) of triglycerides and vitamin A responses, namely AUC, were expressed in brackets as CV%. The 0±7 h area under the curves (AUCs) were calculated by the trapezoidal method (Dubois et al, 1994; Weintraub et al, 1987) . The statistical signi®cance (P`0.05) of the differences found, between the four test meals (individual time-points of AUCs) or between the 0±7 h time points values for a given test-meal, were assessed by using analysis of variance (ANOVA) for paired values (Winner, 1971) . Correlation coef®cients were obtained from linear regression analyses. A software (StatView II, Abacus, Berkeley, CA) was used for these statistical comparisons.
Results
Postprandial CM triglycerides Figure 1 shows the CM TG responses to the four meals. Since patterns obtained for serum TG responses were similar, they are not shown. No signi®cant change over baseline in CM TG concentration was found after the meal with no fat added. A slight increase of CM TG concentration, which was signi®cant only at 2 h, was observed after the 15 g fat-meal ingestion. The other fat-meals generated higher responses which were signi®cantly higher than baseline from 2±4 h. The response (AUC) obtained after ingestion of the 15 g-fat meal was not signi®cantly different than that obtained after ingestion of the poor-fat meal, while the responses obtained after ingestion of the 30 and 40 g-fat meals were signi®cantly higher than those obtained after ingestion of the poor-fat or the 15 g-fat meals. Finally, there was a dose-response relationship between the amount of TG present in the meal and the CM TG response (r 0.62, P`0.0005).
Postprandial serum and CM total retinyl-esters Figure 2 shows the serum and CM total retinyl-ester responses to the meals. The total retinyl ester responses were calculated by summing the three main retinyl ester species: retinyl palmitate, retinyl stearate and retinyl linoleate. The ®rst observation was that, in contrast to what was observed for TG, there was a postprandial rise in serum and CM total retinyl ester concentrations even after ingestion of the meal with no fat added. The second observation was that the serum and CM retinyl ester responses were different. Indeed, the serum responses (Figure 2a ) obtained after intake of the different meals were not signi®cantly different and there was no relationship between the serum retinyl ester AUCs and the amount of TG in the meal. Conversely, there was a signi®cantly lower CM response (Figure 2b) after ingestion of the poor-fat meal than after ingestion of the fat-containing meals: 3105 AE 1441 nmol/L h for the meal with no fat added vs 6322 AE 1059, 7640 AE 1608 and 8640 AE 1930 nmol/L h for the 15, 30 and 40 g-fat meals, respectively. Finally, there was a signi®cant relationship (r 0.44, P`0.05) between the CM retinyl ester AUCs and the amount of TG in the meal, although no signi®cant difference could be detected between the AUCs of the three fat meals.
Postprandial CM levels of individual retinyl esters
The postprandial CM retinyl-palmitate, retinyl stearate, retinyl linoleate and retinol responses to the test meals are shown in Figure 3 . The concentrations of all retinyl ester species in CMs rose after intake of the test meals, Vitamin A bioavailability in humans P Borel et al peaked between 2 and 5 h depending on the meal and on the retinyl ester species, and decreased back to the baseline value 7 h after the meals. Conversely, CM retinol concentrations did not signi®cantly change during the postprandial period.
As observed for CM total retinyl ester responses, the CM retinyl palmitate response (Figure 3a ) was signi®cantly lower after ingestion of the meal with no fat added than after ingestion of the three fat meals.
The CM retinyl stearate responses (Figure 3b ) to the meals showed comparable ®gures to those observed for retinyl palmitate although no signi®cant difference was found between the poor-fat meal and the fat meals. Surprisingly, the CM retinyl linoleate responses ( Figure  3c ) to the meals exhibited a different pattern than that observed for the other CM retinyl esters. Indeed, these responses stepwise increased with the amount of TG in the meal. Moreover, there was a positive relationship between the retinyl linoleate response and the meal TG content (r 0.60, P`0.0005). We calculated that retinyl linoleate accounted for 1.5% of the CM retinyl esters after ingestion of the poor-fat meal while it accounted for 9.5% of retinyl esters after ingestion of the 40 g-fat meal. Figure 4 shows the ratio of retinyl esters to TG found in the CM fraction. The ratio reached its maximum value at 2 h after meal intake in the case of the meal with no fat added while it reached its maximum at 3 h in the case of the 15 gfat meal and at 5 h in the case of the two other fat-meals.
Postprandial CM retinyl ester/TG ratios
Postprandial CM and serum retinol CM retinol was hardly detectable. Its concentration (0.15 AE 0.04 mmol/L at 0 h), as well as that of serum retinol (1.88 AE 0.17 mmol/L at 0 h), did not signi®cantly vary in the postprandial period, whatever the meal ingested (data not shown).
Discussion
In this study, we evaluated the effect of dietary TG on Vit A bioavailability by comparing the blood retinyl ester responses obtained after ingestion of test meals providing different amounts of dietary TG. This method seems much better to evaluate Vit A intestinal absorption than the previously used one (Reddy & Srikantia, 1966; Figueira et al, 1969) which measured fasting serum retinol concentrations, since newly absorbed Vit A is almost exclusively secreted as retinyl ester in the CMs (Blomhoff et al, 1991; Levin, 1994; Norum & Blomhoff, 1992) . Indeed, serum retinol concentrations are very ef®ciently regulated and hardly change after dietary Vit A intake in non-de®cient subjects (Blomhoff et al, 1991; Levin, 1994; Norum & Blomhoff, 1992; Blaner, 1989) .
The methodology used in this study has recently been used to study b-carotene uptake and cleavage in humans (Van Vliet et al, 1995) . Nevertheless, the maximal increase in serum retinyl esters occurred at 5 h in the cited study while it occurred at 2±4 h in the present one. This difference could be explained by differences in the rate of gastric emptying between the subjects of the two experiments. Indeed, since we observed that the time-point of maximal increase in CM retinyl esters was delayed when the amount of meal TG increased, it is possible that the 50 g TG used by Van Vliet et al have led to a slower gastric emptying rate that the 2±40 g TG used in the present study. Another possibility might be that the b-carotene solubility and/or cleavage process in the small intestine delays the appearance of resulting retinyl esters in the circulation as compared to preformed vitamin A.
This discrepancy between the observations made in the serum and in the CM (Sf b 1000) fraction deserves special Vitamin A bioavailability in humans P Borel et al attention. In fact, the observed serum retinyl esters responses suggest that meal TG have no effect on vitamin A intestinal absorption while the CM retinyl esters responses suggest the opposite. This apparent paradox can be explained by the fact that measuring retinyl esters in the Sf b 1000 fraction (which contains only CMs plus large CMRs) leads to miss the fraction of retinyl esters transported in the small CMRs and in VLDL (Berr & Kern, 1984; Wilson & Chan, 1983; Sprecher et al, 1991; Krasinski et al, 1990) , and consequently, leads to underestimate Vit A absorption. The origin of retinyl esters in VLDL is not de®nitively established (Krasinski et al, 1990 ) but they are probably mainly carried by intestinal VLDL in the postprandial period. An additional experiment, in which apoB-48 and apoB-48 containing particles could be quanti®ed would provide relevant information on the origin of retinyl esters in the plasma and Sf`1000 fraction. Results expressed as serum/CM retinyl esters ratios obtained after each test-meal allow to evaluate the distribution of retinyl ester between the Sf b1000 and the Sf`1000 fraction. Since the ratio obtained with the meal with no fat added was signi®cantly (P`0.05) higher than the ratios obtained with the three fat meals (6.62 AE 2.44 for the poor-fat meal vs 1.81 AE 0.32, 1.13 AE 0.44 and 1.88 AE 0.49 for the 15, 30 and 40 g-fat meals, respectively), this indicates that the proportion of retinyl esters in the Sf`1000 fraction was higher after ingestion of the meal with no fat added than after ingestion of the fat-containing meals. This result is consistent with earlier observations (Chait et al, 1973; Jeppesen et al, 1995) which have shown that the smaller the fat load, the greater the number of particles in the VLDL fraction and the less in the CM fraction. Two hypotheses can explain this phenomenon. First, the smaller amount of CMs secreted after the intake of the meal with no fat added can have led to a higher rate of CM lipolysis which has led in turn to a higher proportion of retinyl esters in the small CMRs. Secondly, the lower secretion of CMs, following the ingestion of the meal with no fat added, can have induced a higher incorporation of retinyl esters into intestinal VLDL.
On the whole, these data show that when the amount of TG varied, measuring the serum retinyl ester response is more appropriate to estimate the intestinal absorption of Vit A than measuring the CM (Sf b1000) retinyl ester response which miss a signi®cant fraction of retinyl esters probably present in small-CMRs and intestinal VLDL.
A signi®cant amount of preformed vitamin A is absorbed with trace amount of meal triglycerides The signi®cant increase in the postprandial retinyl esters concentrations in the Sf b1000 fraction and in the serum after ingestion of the meal with no fat added was unexpected because CM TG did not apparently increase after ingestion of the meal with no fat added and it is assumed that retinyl esters need their incorporation in CMs to be secreted into the lymph (Blomhoff et al, 1991; Levin, 1994; Norum & Blomhoff, 1992) . Nevertheless, this observation is in agreement with a previous one (Jeppesen et al, 1995) which showed a marked increase of retinyl palmitate in the serum and in the Sf b 400 fraction concomitant to a lack of postprandial variation of TG concentrations.
To explain this apparent paradox we suggest that (i) the limited sensitivity of TG assay, (ii) the heterogeneity of individual responses, (iii) the very rapid TG hydrolysis by endothelial lipoprotein lipase (LPL), did not allow a precise detection of the small amount of CM TG that could have been secreted following the meal with no fat added. In fact, a marginal secretion of CMs was highly probable since the meal with no fat added provided about 2 g TG. Moreover, it cannot be excluded that a small extent of endogenous TG synthesis had occurred after ingestion of this meal.
Dietary triglycerides, up to 40 g/meal, do not increase preformed vitamin A bioavailability The fact that adding up to 40 g TG/meal did not signi®-cantly modify the serum retinyl esters response (AUC) is in full agreement with a recent study (Jeppesen et al, 1995) which showed that the plasma retinyl palmitate response was not signi®cantly different after ingestion of 5 or 40 g TG. It is very unlikely that this result could be explained by the fact that the whole dose of Vit A was absorbed after the meal with no fat added. Thus, this point out that up to 40 g TG/meal do not increase Vit A bioavailability as checked by serum levels while it is assumed that dietary fat stimulates bile¯ow, facilitates the transport of preformed Vit A and carotenoids into mucosa cells (Erdman et al, 1988) , and enhances the intestinal absorption of b-carotene (Erdman et al, 1988; Jayarajan et al, 1980) . We suggest that the observed difference between b-carotene and preformed Vit A can be due to the different physico-chemical characteristics of these molecules (especially hydrophobicity and micellar solubility), as well as by the different absorption mechanisms involved, namely a carrier-mediated passive mechanism for retinol (Hollander & Muralidhara, 1977) and a passive diffusion for b-carotene (Hollander & Ruble, 1978) .
The esteri®cation process of retinol in the enterocyte is affected by the amount of meal TG The strong positive relationship between the CM retinyl linoleate response and the amount of meal TG has never been described in humans. It is not known if this retinyl ester has particular biological properties, but its metabolic origin can be explained by our present knowledge of Vit A metabolism in the enterocyte. Indeed, two pathways coexist for the esteri®cation of retinol in the enterocyte. In the ®rst one, LRAT (Quick & Ong, 1990 ) esteri®es CRBP-II bound retinol (Levin, 1993) with palmitate and stearate found in the sn-1 position of microsomal phosphatidylcholines. In the second one, ARAT esteri®es free retinol with acylCoA (Rasmussen et al, 1984) produced in vivo. Since in this study dietary TG were provided as sun¯ower oil rich in linoleic acid (65±70% of fatty acids), it is likely that retinyl linoleate found in the CMs originated from linoleyl-CoA and thus, re¯ected the activity of ARAT. The result obtained, i.e. the stepwise increase in the proportion of retinyl linoleate, among other retinyl esters, when the amount of meal TG increased, suggests the following mechanism for retinol esteri®cation in the human enterocyte: when very few amount of dietary TG is available, acylCoA concentration in the enterocyte is very low and retinol is almost exclusively (98.5%) esteri®ed by LRAT (1.5% retinyl linoleate recovered after the intake of the meal with no added fat), but when a higher amount of dietary TG is available, then the relative amount of acylCoA in intracellular pool increases and ARAT esterify a signi®cant fraction (up to 9.5%) of absorbed retinol. Thus, LRAT is the main retinol esterifying enzyme in humans, but ARAT can esterify a fraction of retinol when pharmacological doses of retinol are provided along with common quantities of dietary TG in line with data obtained in cynomolgus monkeys (Collins et al, 1992) .
Retinyl esters are not a quantitative marker for intestinallyderived lipoproteins in the postprandial period As retinyl esters are often used as a marker for intestinallyderived lipoproteins, the question arises whether the concentration of retinyl esters in CMs is constant in different conditions. To answer this question we calculated the CM retinyl ester/TG ratio at each sampling time following the three fat meals. From the data obtained (Figure 4) it appears that the CM retinyl ester concentration was not constant during the postprandial period. The continuous increase in retinyl ester concentration during the ®rst half postprandial period could be explained by a delayed intestinal absorption of Vit A as compared to TG and by the fastest clearance from the plasma of CM TG as compared to retinyl esters.
Thus, these data address the question about the use of retinyl esters as markers for intestinally-derived lipoproteins. Retinyl esters can be seen as a qualitative marker for intestinally-derived lipoproteins in the postprandial period (Berr & Kern, 1984; Sprecher et al, 1991; Krasinski et al, 1990) because they poorly exchange between CMs and other lipoprotein fractions (Berr & Kern, 1984; Wilson & Chan, 1983) but not a quantitative marker for intestinallyderived lipoproteins as shown by the present study.
Plasma retinol homeostasis is not affected by meal triglycerides
The lack of effect of meal TG on the postprandial serum retinol concentrations shows that dietary TG have no marked effect on plasma retinol homeostasis. In practical terms, this indicates that when assessing the Vit A status by the relative-dose response (RDR) test (Olson, 1982) , the Vit A supplement can be given regardless of the amount of fat present in the meal.
